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Abstract
After 12 h of thioacetamide (500 mg/kg body weight) administration to rats, the activity of caspase-3-like protease in the
liver increased significantly compared to that in the control group. In plasma, the activity of caspase-3 was barely detectable
in the control rat, but had increased significantly after 24 h of drug administration along with a dramatic increase in GOT.
These results indicate that thioacetamide causes apoptosis in the liver by activating caspase-3, which is released to plasma by
successive necrosis. At 24 h, the concentration of liver lipid hydroperoxides, a mediator of radical reaction, was 2.2 times as
high as that of control rats. After 12 and 24 h of thioacetamide administration, the liver concentrations of vitamins C and E
decreased significantly. The decrease of antioxidants and formation of lipid hydroperoxides 24 h after thioacetamide
administration support the view that extensive radical reactions occur in the liver during the necrotic process. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction
It is well established that thioacetamide is a typical
hepatotoxin to cause centrilobular necrosis [1^3]. Re-
cently Ledda-Columbano et al. [4] reported that thi-
oacetamide induced apoptosis in rat liver based on
histochemical observations. Furthermore, we re-
ported that apoptosis caused by thioacetamide in-
volved the activation of caspase-3 [5]. In the necrotic
process by thioacetamide, radical reactions are sug-
gested to be involved [2,3,6,7]. Also in apoptosis,
reactive oxygen species are postulated to be involved
[8,9]. Despite the spreading interest in radical reac-
tions, the search for a reliable indicator of lipid per-
oxidation in animal tissues is still an important ac-
tivity. The most commonly used indicator of lipid
peroxidation is the formation of aldehydic products
such as malondialdehyde [10] as thiobarbituric acid-
reactive substances (TBARS) [11]. However, TBARS
has limited usefulness, even for the peroxidation of a
simple oil [12]. As another kind of index, the oxida-
tive mediator, rather than products of peroxidation,
may be postulated. Lipid hydroperoxide is a prob-
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able candidate for such an oxidative mediator, be-
cause it is formed by radical reactions in the mem-
brane, has a su⁄cient lifetime to migrate in the cell,
and ¢nally modi¢es protein and DNA. Recently we
developed a speci¢c and sensitive method of deter-
mining the total level of lipid hydroperoxides involv-
ing chemical conversion of lipid hydroperoxides into
aromatic phosphine oxide followed by the measure-
ment of oxide by HPLC [13]. The e⁄ciency of lipid
hydroperoxides as an index of oxidative stress has
been con¢rmed by their increase in a typical case
of enhanced oxidative stress such as aged [14], vita-
min C-de¢cient [15], vitamin E-de¢cient [16], iron-
overloaded [17] and diabetic animal tissues [18]. In
this paper, we applied this method to evaluate oxi-
dative stress in the liver of thioacetamide-treated
rats.
A variety of antioxidants scavenge free radicals
and prevent oxidative damage in the cell. The pri-
mary defense against oxidative stress in the tissue
rests with antioxidants, including vitamins C and E,
and glutathione (GSH) [19]. Therefore, these antiox-
idants are expected to be consumed by enhanced
radical reactions. We determined the concentration
of vitamins C and E in the plasma and liver of rats
as another type of index of oxidative stress induced
by thioacetamide.
2. Materials and methods
2.1. Animals
Guidelines from the Prime Minister’s O⁄ce of Ja-
pan (No. 6 of 27 March 1980) for the care and use of
laboratory animals were followed. Eight-week-old
male rats (SLC: Wistar strain) were obtained from
Japan SLC (Hamamatsu, Shizuoka, Japan). The an-
imals were housed in a room at 24 þ 2‡C, and a 12 h/
12 h light-dark cycle. Animals were fed commercial
laboratory chow (MF, Oriental Yeast, Osaka, Japan)
and water ad libitum. Thioacetamide (500 or 200 mg/
kg) dissolved in saline was intraperitoneally injected
to rats. Control rats received saline.
2.2. Analytical methods
Rats were anesthetized with diethyl ether and
killed by collecting the blood from the inferior
vena cava using a syringe containing sodium heparin
as an anticoagulant. After perfusion of ice-cooled
saline through the portal vein, organs were removed.
The excised tissue was homogenized in 5 vols. of
phosphate bu¡ered saline (10 mM, pH 7.4) under
ice cooling. All determinations were made in dupli-
cate experiments with 3^7 animals in each group.
Lipid hydroperoxide was measured as described
[13]. The determination of vitamin C was made ac-
cording to a speci¢c and sensitive method [15,20]
involving chemical derivatization and HPLC. The
concentration of K-tocopherol was determined by
HPLC [21]. The conditions of HPLC and £uores-
cence detection (Shimadzu RF-535, Kyoto, Japan)
were reported previously [12]. Blood was centrifuged
at 13 000Ug for 5 min at 4‡C to separate plasma.
The activity of plasma glutamate-oxaloacetate trans-
aminase (GOT: EC 2.6.1.1) was determined using
the diagnostic kits (GOT-UV Test Wako, Wako
Pure Chemicals, Osaka) and expressed as Karmen
units. Caspase-3 activity was determined as described
previously [5].
Protein concentrations were determined according
to the method of Lowry et al. [22] using bovine se-
rum albumin as the standard.
Data were expressed as mean þ S.D. and analyzed
by ANOVA using StatView software (Abacus Con-
cepts, Berkeley, CA, USA). Di¡erences between the
group means were considered signi¢cant at P6 0.05
using the Bonferroni/Dunn procedure generated by
this program.
3. Results and discussion
3.1. Liver necrosis and apoptosis caused by
thioacetamide
A necrogenic dose [6] of thioacetamide (500 mg/
kg, i.p.) was administered to rats. After 6 and 12 h,
the activity of plasma GOT was slightly but signi¢-
cantly higher than that of the control group (Table
1). After 24 h, the plasma GOT activity increased
drastically compared to that of the control group.
These results indicated that the necrotic process
was initiated around 6 h and proceeded thereafter,
consistent with the literature [2,6].
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Ledda-Columbano et al. [4] reported that apopto-
sis in the rat liver was observed histochemically after
thioacetamide administration. To elucidate the mech-
anism of apoptosis, the activity of caspase-3-like pro-
tease, a cysteine protease speci¢cally involved in
apoptosis [23], was determined. Caspase-3-like pro-
tease activity in the liver increased signi¢cantly com-
pared to that in the control group after 12 h of
thioacetamide administration (Table 1). These casp-
ase-3-like protease activities in the liver were inhib-
ited completely by 50 WM of Ac-DEVD-CHO, a spe-
ci¢c inhibitor of the enzyme [24]. Therefore the
proteolytic activity observed in the liver arose from
caspase-3-like protease and not from other proteases.
In plasma, the activity of caspase-3 was barely
detectable in the control rat and was increased sig-
ni¢cantly after 24 h of drug administration along
with a dramatic increase of GOT (Table 1). These
caspase-3-like activities in plasma were also inhibited
completely by 50 WM of Ac-DEVD-CHO. Therefore,
it is concluded that the proteolytic activity deter-
mined in plasma was also due to caspase. It is sur-
prising that caspase-3, a protease, showed activity in
plasma, which has a strong anti-protease activity. It
may be postulated that the activity of caspase-3 in
the liver and plasma is a convenient indicator of
apoptosis under pathological conditions, because
apoptosis in animal tissue has been characterized
by morphological observations [4,25^28].
These results indicate that thioacetamide causes
apoptosis in the liver by activating caspase-3 and
the activation of caspase-3 precedes the development
of extensive necrosis (taking place around 24 h as
shown by the large plasma GOT value) in the liver,
from which caspase-3 is released by successive ne-
crosis. Similar results were reported [5], where a low-
er dose of thioacetamide (200 mg/kg) was applied.
The present results demonstrate that apoptosis is in-
duced by a typically necrogenic dose of thioacet-
amide [2].
Jaeschke et al. [29] reported that endotoxin, a hep-
atotoxin leading to necrosis, causes 17-fold activa-
tion of caspase-3 in mouse liver after 7 h of admin-
istration. The activation caused by endotoxin is
much higher than that observed in the present study,
although the animal species were di¡erent. Besides,
the activity of caspase-3-like protease in the liver of
rats administered 500 mg/kg of thioacetamide was
not signi¢cantly di¡erent from those of rats injected
200 mg/kg [5], i.e., a dose response was not observed.
The extent of apoptosis by thioacetamide seems to be
much less than that by endotoxin. Therefore, it is
suggested that thioacetamide mainly causes necrosis
and partial apoptosis leading to secondary necrosis,
rather than apoptosis and necrosis in a sequential
fashion.
3.2. Change in the level of lipid hydroperoxides in rats
treated with thioacetamide
After 6 h of thioacetamide (500 mg/kg, i.p.) ad-
ministration, when necrosis of the liver cells started
based on the increase in plasma GOT level (Table 1),
the liver concentration of lipid hydroperoxides, a me-
diator of radical reaction [13^18], did not di¡er from
that in the control group (Table 2). Twelve hours
after injection of thioacetamide, when the activation
of caspase-3 and necrosis of the liver was initiated,
the liver concentration of lipid hydroperoxides did
not di¡er from that in the control group (Table 2).
Table 1
The activities of caspase-3-like protease of the liver and plasma and GOT in thioacetamide-treated rats after 6, 12 and 24 h and the
control rat
6 h 12 h 24 h Control
Caspase-3-like protease (pmol/mg protein/min)
Liver 16.70 þ 3.10 23.65 þ 2.45** 17.32 þ 5.44 15.37 þ 1.17
Plasma 0.15 þ 0.09 1.29 þ 0.92 4.10 þ 1.33** 0.16 þ 0.29
Plasma GOT (Karmen unit) 127.4 þ 26.0** 344.6 þ 72.2** 4220 þ 1620** 72.2 þ 1.4
Thioacetamide (500 mg/kg) was administered intraperitoneally to rats. After 6, 12 and 24 h, activities of caspase-3-like protease in the
liver and plasma and plasma GOT were determined as described in the text. Control rats received saline and the enzyme activity was
determined after 24 h. Values are means þ S.D. for 3^7 rats and asterisks indicate signi¢cant di¡erence from the corresponding control
group (ANOVA Bonferroni/Dunn procedure, *P6 0.05 and **P6 0.01).
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After 24 h, when extensive necrosis had developed,
the concentration of liver lipid hydroperoxides was
2.2-fold that in the control rats (Table 2). These ob-
servations suggest that radical reaction, i.e., lipid per-
oxidation, is caused by thioacetamide, and that ne-
crosis is mediated by radical reaction. Increase of
TBARS [2,3,6], aldehydic products of lipid peroxida-
tion, by thioacetamide administration also supports
the involvement of lipid peroxidation.
When thioacetamide at the dose of 200 mg/kg was
used, the liver concentrations of lipid hydroperoxides
after 12 and 24 h were 247.6 þ 53.4 and 307.2 þ 23.0
pmol/mg protein, respectively, and the latter was sig-
ni¢cantly higher than that of the control rat. These
observations indicate that radical reaction is caused
by thioacetamide to a similar extent to the case of
500 mg/kg at this lower dose, which also increases
caspase-3 activity in both plasma and the liver [5].
3.3. Changes in the levels of vitamins C and E in rats
treated with thioacetamide
After 6 h of thioacetamide (500 mg/kg, i.p.) ad-
ministration, the hepatic level of vitamin C did not
di¡er from that in the control group (Table 3) and it
decreased signi¢cantly after 12 h (Table 3). After 24
h, vitamin C in the liver decreased drastically (Table
3). Although vitamin C is not a vitamin for Wistar
rats, excessive damage to the liver and oxidative
stress caused by the drug may lead to a depletion
of vitamin C. Recently, we reported [18] that the
concentration of vitamin C was decreased in the tis-
sues of diabetic Wistar rats induced by streptozoto-
cin.
The plasma concentration of vitamin C tended to
increase at 12 and 24 h of the administration of
thioacetamide, although there was no signi¢cant dif-
ference observed. This tendency may be explained on
the ground that vitamin C is released just like GOT
from the liver whose content of vitamin C is higher
than that of plasma by two orders of magnitude in
the control rat (Table 3).
The level of vitamin E was also decreased in both
plasma and the liver 12 and 24 h after thioacetamide
administration (Table 3). Depletion of glutathione in
the liver after injection of thioacetamide was also
reported previously [2,3]. The decrease in antioxi-
dants and formation of lipid hydroperoxides 24 h
after the administration as described above supports
the view that radical reactions take place extensively
in the liver during necrosis.
After 12 h of the administration of thioacetamide,
Table 3
The concentration of vitamin C and vitamin E of the liver and plasma in thioacetamide-treated rats after 6, 12 and 24 h and the con-
trol group
Vitamin C (nmol/g tissue) Vitamin E (nmol/g tissue)
Plasma Liver Plasma Liver
Thioacetamide-treated
After 6 h 44.3 þ 8.4 1644 þ 269 10.71 þ 1.75 29.66 þ 7.13
After 12 h 60.9 þ 17.0 1321 þ 290* 10.45 þ 3.11* 28.54 þ 3.10*
After 24 h 91.0 þ 38.3 465.7 þ 135.2** 6.61 þ 1.17** 21.95 þ 4.20**
Control 55.0 þ 6.1 1671 þ 247 14.85 þ 2.26 34.80 þ 3.01
Thioacetamide (500 mg/kg) was administered intraperitoneally to rats. After 6, 12 and 24 h, concentrations of vitamin C and vitamin
E in the plasma and liver were determined as described in the text. After 24 h of the administration of saline, determinations were
made for control rats. Values are means þ S.D. of 4^6 rats and asterisks indicate signi¢cant di¡erence from the control group
(ANOVA Bonferroni/Dunn procedure, *P6 0.05 and **P6 0.01).
Table 2
The concentration of lipid hydroperoxides of the liver (pmol/mg
protein) in thioacetamide-treated rats after 6, 12 and 24 h and
control rats
After 6 h After 12 h After 24 h Control
189.7 þ 27.8 176.0 þ 62.7 358.0 þ 54.1** 159.5 þ 48.1
Thioacetamide (500 mg/kg) was administered intraperitoneally
to rats. After 6, 12 and 24 h, the concentration of lipid hydro-
peroxides in the liver was determined as described in the text.
After 24 h of the administration of saline, determination of lip-
id hydroperoxides was made for control rats. Values are
means þ S.D. of 4^5 rats in each group and asterisks indicate
signi¢cant di¡erence from the control group (ANOVA Bonfer-
roni/Dunn procedure, *P6 0.05 and **P6 0.01).
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the activation of caspase-3 takes place. The involve-
ment of reactive oxygen species in apoptosis is sug-
gested. Recently we reported [9] that radical species
are involved in the apoptosis of HL-60 cells caused
by anticancer drugs based on systematic evaluation
of di¡erent kind of antioxidants. We reported further
[9] that the quantity of radicals during the apoptotic
process does not markedly decrease the endogenous
concentration of vitamin E. Therefore, the decrease
of vitamins C and E in the liver 12 h after thioacet-
amide administration may be induced mainly by a
necrotic process taking place judging from the in-
crease of GOT level at 6 h.
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